Introductioa
An extraordinary research effort on thermophysical properties of materials at very high temperature began just after the second world war. Several high temperature techniques have been developed for determination of physical properties such as melting points [1, 2] , vaporization characteristics [3] , or vapour pressures [4] , thermodynamic data [5] [6] [7] [8] [9] , electric conductivity [10] [11] [12] [13] , thermal conductivity [14] [15] [16] and thermal expansion [ 17-21 in temperature ranges above 2 000 K. The begining of very high temperature X-ray diffraction experiments [22] first contributed to the measurement of thermal expansion of refractory metals [23] , progressing to the study in situ of high temperature phase transitions. High temperature neutron diffraction experiments have more recently been developed [24] . Although neutron scattering heating devices are significantly inspired by the numerous approaches tried for X-rays, the neutron devices are at present simpler as will be shown in the present review. Anyway these two high temperature techniques are confronted with the same problems, namely determination of the real temperature of the sample in the scattering zone, thermal gradients, temperature stability and chemical reactivity of the sample with atmosphere and its holder.
2. High temperature production for X-ray and neutron scattering devices.
2.1 X-RAYS. -Four kinds of heating techniques have been used in X-ray diffraction experiments : i) induction heating, with electrically conducting samples that are directly heated when placed in the centre of the work coil ; insulators can only be indirectly heated by thermal conduction and mainly by radiation. It is of interest to note that the latter method was the first to be used both for high temperature X-ray [22, 23, 25] , and neutron diffraction experiments [24] . The Bowman et al.'s neutron diffraction furnace [26] is shown in figure 1 . A more recent high temperature (T 2 500 OC) induction heated X-ray device [27, 28] suitable for both conductive and non conductive samples is presented in figure 2. ii) radiation heating, these include : imaging furnaces (thermal radiation provided either by a carbon arc [29] or a short arc xenon lamp [30] (Fig. 3) ) and also by solar heating up to 3 000 K in air [32] and lasers up to 3 300 OC in air [33] . iii) gas flame heating, initiated by Gubser et al. [34] up to 2 000 eC and then developed by a Japanese research group up to 2 300 K on a four circle diffractometer [35, 36] for crystal structure studies of refractory oxides [37] as well as for structural investigations on molten refractories [38] . In addition, this heating equipment is attachable to Weissenberg and precession cameras, with no heat damage to the surrounding equipment [39] . [26] . [27] (this figure is supplied by Dr. J. Laugier). Bot [42, 43] . Three other devices of the same type need a special mention : one is carefully designed by Houska et al. [44] in order to make quantitative intensity measurements around 2 000 OC. The second was especially built by Boganov et al. [45] for extremely high temperatures (2 750 OC) generated both by Joule and electron beam heating for studying the phase transition of hafnia near its melting point. The last one is particularly well adapted for precise determination of thermal expansion coefficients ofvarious refractory materials (mainly metals and oxides) up to 2 500 OC [46, 47] . Several [55] and has been developed into a commercial high temperature diffraction chamber [56] widely used in laboratories [57] . Among several possible shapes of metal ribbon heaters, the flat ribbon with symmetrical holes designed by Traverse et al. [58] for a more sophisticated device (Fig. 5 [55] ones.
secondly, the homogeneity of the powdered sample temperature in the diffraction zone owing to the holes machined in the ribbon.
lastly, the determination of the true sample temperature due to the original optical device which associates a micropyrometer and a laser (Fig. 5) . The principle of the method will be briefly discussed in paragraph 3 .
Three high temperature X-ray devices mentioned above are shown on photographs (Figs. 6, 7, 8 [68] .
ii) Indirect resistance heating. As for X-rays, this is the far more widely used high temperature technique.
Several years ago structural investigations on molten metals and alloys using high temperature diffraction began [69] . Éxperiments on liquid Ni-V alloys (D4 diffractometer at the ILL) have required the construction of a high temperature apparatus (up to 2 000 OC) using a special tungsten heater fed with tantalum power supplies [69] . A sapphire container suitably cut and oriented is used in order to avoid parasitic Bragg reflections ; this single crystal alumina container [70] is chemically resistant up to 1 900 K with many corrosive molten metals. The high temperature device described in [69] has been adaptcd for small angle neutron scattering experiments (Dl 1 A camera at the ILL) on molten Au-Si alloys [71] . The more recent improvements of these high temperature furnaces are detailed in this special issue [72] . Finally, an original set up for neutron scattering experiments on fluid systems at high temperatures (up to 1 970 K) and pressures (150 bars) applied to molten rubidium must be mentioned [73] .
Neutron scattering on solid refractory materials at very high temperatures is also an attractive field of investigation. A high temperature device using thin walled tungsten heater was first developed in 1975 [74] . High temperature phase transformations exhibited by several refractory oxides (La203, Nd2o3, Zro2l Hf02...) in various atmospheres (neutral, reducing and oxidizing) and more especially the oxygen sublattice behaviour was the purpose of these studies. A more sophisticated device, shown on figure 10 , has been achieved later on [75, 76] ; figure 11 shows a versatile sample holder that has been designed in order to allow slow rotation of the sample, even at the highest temperatures (~ 2 500 OC). Versatility of the heating system has been improved too ( Fig. 12 ) so that it can either work in neutral atmosphere ( Fig.12A : the furnace is filled with pure helium whose oxygen partial pressure is lowered by a Zr getter heated around 900 °C), reducing atmosphere (a graphite felt insulation is then used) or in oxidizing atmosphere ( Fig.12B ) up to 1 750 OC by using a 90 % Pt-10 % Rh resistor. The whole experimental set up working on the DIB diffractometer with a multidetector (HFR-ILL) is shown in figure 13 . Since then similar types of high temperature furnaces have been designed [77] [78] [79] [80] , mainly in order to study high temperature oxygen disorder in U02 and Th02. The work undertaken at the ILL in order to provide high temperature furnaces catering for the needs of external users must be emphasized [81] . A limited but interesting review on high temperature neutron diffraction studies has been published by Bowman et al. [82] . 3 . Real température détermination in the scattering zone above 2 000 K.
Only two temperature measurement techniques thermocouples and optic41 pyrometry are available above 2 000 K (recent sophisticated ultrasonic and thermal noise thermometries are purposely omitted). In this temperature range, they are of unequal importance, 3 000 °C is the extreme temperature working limit for thermocouples [83] with severely restrictive conditions, whilst the limit for pyrometry is several thousand degrees beyond [84] . However [85] in spite of the very high melting points of w and Re (see Table I [84, 95] or from extensive articles [94, 96, 97] . Temperature can be measured by any system which has a measurable macroscopic parameter that exhibits a known variation with kT, k the Planck's constant, T being the thermodynamic temperature. This is the case for gas thermometry which obeys the perfect gas law, and for blackbody thermal emission. Planck's relationship (1900) expresses the total energy radiated distribution in all directions for a given temperature T and wavelength î,, thus defining the spectral radiance Je, T). This relation, simplified within Wien's approximation (03BBT 2 000 03BC. K), can then be integrated in the whole à. range, giving the Stefan-Boltzmann expression : R(T) = 03C3T, with R(T) the total radiance (or integral luminence) and 6 [98] drilled either into the sample itself when solid [19, 21] figure 5 [58] .
Two-colour pyrometry [84, 95, 96] needs only a short mention since literature offers few applications of that technique in high temperature scattering experiments [28, 29] . This mainly arises from the necessity of a constant 8;. at two wavelengths (usually red and blue). Only true grey bodies, actually uncommon, have this property.
On the contrary total radiance pyrometry is widely used both for laboratory and industrial temperature measurements [96] . This [103] , for instance furnace control [104] . Direct determination of absolute temperature, impossible with radiance pyrometers only, can however be done if they are associated with calibrated monochromatic pyrometers : temperature determination in the X-ray diffraction device of Guichet et al. [46, 47] is a convincing demonstration.
8l determination is thus a crucial point in optical pyrometry [106] . Absorption by sight windows (generally « suprasil » silica which absorbs the less in the red is used) and (or) by total reflecting prisms has to be taken into account resulting in an equivalent 8;. that must be added to the 03B503BB of the sample. This correction is applied by most of the authors cited in this review. For instance, the equivalent emissivity is reduced from nearly unity to 0.84 for the high temperature neutron scattering device shown on figure 10 [74] [75] [76] .
It is then obvious that great care must be taken in order to protect the windows from internal and external vapour depositions (Fig. 10) . Another crucial point occurs when samples are heated by radiation [29] [30] [31] [32] [33] since reliable temperature determination requires the separation of the sample own emitted light from scattered light. One technique is to view the sample while temporarily blocking or disrupting the source of light [29, 103, 108] . Such a procedure is used by Revcolevschi et al. [108] : optical densities of photograph taken whilst incident light is screened (0.02 s) are compared to those of materials acting as spectral luminence references.
As for thermocouples, pyrometers must be carefully calibrated and the tungsten strip lamp [84, 95, 102] is the most widely used emissivity standard [12, 22, 23, 18, 86] . Although W emissivity is reliably known up to extremely high temperatures [84, 109] [42, 43, 47] . Direct high temperature determinations on single crystals using optical micropyrometers is however a nearly unique situation that cannot be satisfactorily overcome.
Complementary indirect temperature determination can be employed when both thermocouples and pyrometry provide doubtful data. These are mainly based upon the known evolution with temperature of thermal expansion of refractory materials such as Ta, W, aA1203, U02, Tho2 [27-29, 42-44, 55, 77-79] or upon the melting points of reference substances such as aA1203, Y203, Tho2 [29-31, 36, 42, 43, 108] . Therefore this procedure introduces uncertainties since problems with high temperature material standards problems are still unsatisfactorily solved [ 11, 16, 20, 86, 111, 112] . Internal calibrations being impossible at high temperature, other sources of uncertainties then arise from the independence of the calibration and specimen runs [55] . Differences in shape, size and position can indeed easily occur. In such cases power consumption is not a reliable means of high temperature determination, just a temperature fluctuation indicator [24, 27, 28, 36, 44] . Consequently, temperature uncertainties are often greater than expected and increase with temperature. For greatest accuracy and reliability in high temperature determination, checking and combining the maximum number of independent measurements is strongly recommended [29, [42] [43] [44] [29, [42] [43] [44] has been applied to our own device (Fig. 12 ). Power consumption P (watt) as a function of temperature T(K) can be written as follows : P = a(T -T 0) + P(T 4 -T 4) with To room temperature ; a(T -T 0) is related to conduction and convection heat transfers and fl (T 4 -T 4) to radiative heat transfers from the Stefan-Boltzmann relation ; a and fl experimentally deduced are respectively 0.048 and 3.48 x (Figs 11-12 ) are of the order of 10 °C in the whole range of temperature (Table I) [29, 42, 43, 47] . 4 . Chemical reactivity.
Chemical reactivity of the sample at high temperature during scattering experiments is an extremely important point [87, 114] [30, 31, 108] . Most of the furnaces described here work under uncontrolled atmosphere as well as under vacuum. In the latter case the volatilization rate of some materials such as U02 [118] is greatly enhanced. This is the reason why we have worked under gas pressure, somewhat uncontrolled but generally slightly neutral or reducing [74] [75] [76] . (Table II) , since numerous materials can be used as heating elements (Table III) . In addition the neutron scattering field of investigation is far more extensive compared to X-rays since it is not only restricted to determination of the high temperature structure of molten alloys [69, [71] [72] [73] , and refractory oxides such as Ln2o3 [120] , U02 and Th02 [77] [78] [79] but can be extended to dynamic studies, inelastic [77] [78] [79] [122] can work up to 3 000 °C under vacuum or reducing atmosphere, stabilized zirconia fumaces [123] [124] [125] 
